A diagnostic has been designed and fabricated to verify the thrust vector requirement for the Advanced Electric Propulsion System (AEPS) Hall-effect thruster. This diagnostic will be used to verify that the propulsion system thrust vector offset from the mounting surface normal vector does not exceed 1.5 degrees over the entire throttling range and over the course of 23,000 hours of thruster testing. The diagnostic will not violate the thruster's required voltage standoff capability in the presence of carbon backsputter by being minimally intrusive and not significantly adding to the facility backsputtered rate. Based on AEPS requirements and numerous facility considerations, an appropriate thrust vector diagnostic design was determined and comprises of a linear array of 23 Faraday probes swept through the plume in a semicircular arc 1 meter from the thruster center, which maps the beam current density. The beam current density centroid of the plume is assumed to track the thrust vector within an acceptable level of uncertainty. Additionally, a reference system, including optical alignment to the mounting surface normal vector and tilt sensors, was devised to periodically calibrate the probe position and motion throughout the long duration wear test campaign. Initial measurements of the thruster plume have been acquired to demonstrate the diagnostic's functionality, verify procedures, and assess any necessary improvements prior to implementation of the diagnostic during the AEPS Engineering Development Unit (EDU) long duration wear test. To illustrate the merits of differing approaches to thrust vector determination for different classes of electric propulsion thrusters, NASA's Evolutionary Xenon Thruster-Commercial (NEXT-C) thrust vector diagnostic design details and recent data are also discussed (Appendix A).
I. Introduction
For missions beyond low Earth orbit, spacecraft size and mass can be dominated by onboard chemical propulsion systems and propellants that may constitute more than 50 percent of spacecraft mass. This impact can be substantially reduced through the utilization of Solar Electric Propulsion (SEP) due to its significantly higher specific impulse. Studies performed for NASA's Human Exploration and Operations Mission Directorate (HEOMD) and Science Mission Directorate (SMD) have demonstrated that a 40 kW-class SEP capability can be enabling for both near-term and future spacecraft architectures [1] . Since 2012, NASA has been developing a 13 kW Hall-effect thruster electric propulsion string that can serve as the building block for a 40 kW-class SEP capability [2] .
The 13 kW Hall thruster system development, led by the NASA Glenn Research Center and the Jet Propulsion Laboratory, began with maturation of the high-power HERMeS (Hall Effect Rocket with Magnetic Shielding) thruster and power processing unit. The technology development work transitioned to Aerojet Rocketdyne following a competitive procurement selection for the Advanced Electric Propulsion System (AEPS) contract. The AEPS contract includes the development, qualification, and multiple flight 13 kW electric propulsion string deliveries. The AEPS Electric Propulsion (EP) string consists of the Hall thruster, power processing unit (including digital control and interface functionality), xenon flow controller, and associated intra-string harnesses. NASA continues to support the AEPS development leveraging in-house expertise, plasma modeling capability, and world-class test facilities. NASA also executes AEPS and mission risk reduction activities to support the AEPS development and mission application.
This paper reviews the progress of one such risk reduction activity, the development of a diagnostic to reliably infer the direction of the 13 kW Hall thruster's thrust vector throughout long duration testing. The speed, magnitude, and predictability of the deviations of the thrust vector from the mounting surface normal vector will have important future implications regarding the necessary capabilities of spacecraft gimbals, avionics, and flight software. This paper specifically describes the design and development of the AEPS Thrust Vector Diagnostic (TVD), including (i) definition of diagnostic objectives, (ii) literature review of existing EP thrust vector diagnostics, (iii) analyses performed to guide development of the AEPS TVD, (iv) discussion of the selected AEPS TVD design, and (v) initial plume measurements recently acquired with the AEPS TVD to demonstrate functionality, verify procedures, and assess any necessary improvements prior to implementation of the diagnostic during the AEPS Engineering Development Unit (EDU) long duration test. The AEPS diagnostic consists of three interdependent systems, the probe, the reference, and the electronics package.
The probe is colloquially referred to as the Thrust Vector Probe (TVP). While the author shall maintain the convention of referring to the probe as a TVP, most TVPs could be more accurately referred to as Beam Current Centroid Probes. The AEPS TVP, like most other thrust vector probes, does not measure the thrust vector directly, but infers the thrust vector based on the assumption of a strong correlation to the behavior of the beam current density centroid. Based on various plume measurements, this is likely a reasonable assumption within a small degree of uncertainty. For the purposes of verifying that the AEPS thrust vector requirement is met, the authors will apply the described assumption and carry an associated uncertainty in the data analysis.
The AEPS TVP is a linear array of Faraday probes that is swept in a 1-meter semicircular arc through the thruster's plume. Because the TVP is not static, accurately tracking the absolute location and orientation of the probe relative to the thruster mounting surface normal vector is critical to properly interpreting data collected with the TVP. Without a reference system, the measurements made by the TVP would only provide relative changes in the thrust vector over short durations without the ability to correct for shifts in the vacuum facility structure, thermally induced movement of the thrust stand platform, movement of the thruster's mounting surface, loss of calibration of the motion stages locating the probe's position, or shifts in the relative location of the motion stages to the thrust stand as one might anticipate over a 23,000-hour test. Development of the Thrust Vector Reference (TVR) system has been as significant of an undertaking as development of the TVP and shall be discussed later in detail.
The final aspect of the thrust vector diagnostic is the Thrust Vector Electronics (TVE) package. The electronics consist of an array of shunts, protection circuitry, power supplies, data acquisition equipment, and software. The electronics perform the essential function of accurately measuring the numerous probe currents. The electronics also have sufficient flexibility to perform various calibrations and functional checks from outside the vacuum chamber to verify measurement accuracy over the 23,000-hour duration of the EDU wear test.
At the time of the writing of this paper, the TVD for AEPS has been constructed and installed in GRC's Vacuum Facility 5 (VF5), where a short wear test is currently being performed with a secondary objective of verifying the TVP, TVR, and TVE functionality. Once the TVD has been sufficiently demonstrated, along with other AEPS diagnostics and support hardware, the TVD will be implemented in the 23,000-hour wear test of the AEPS EDU.
II. Diagnostic Design Overview

A. AEPS Thrust Vector Diagnostic Design Objectives
The objective of the AEPS TVD is to assess the EDU's thrust vector behavior throughout the planned 23,000-hour EDU wear test [2] . This includes measuring the thruster's beginning of life behavior, the end of life behavior, and any transients or drift throughout the test campaign. More specifically, the TVD will be used to verify that the AEPS requirements related to the thruster's thrust vector are met. Furthermore, in performing these measurements, the TVD must not exceed any AEPS design capabilities, notably the voltage standoff capability in the presence of a facility maximum backsputter rate. After consideration of all AEPS requirements, it was determined that the thrust vector diagnostic design is driven primarily by two AEPS requirements: The first diagnostic design objective necessitates a capability to reliably assess the thrust vector deviations from the thruster mounting surface normal vector of no more than 1.5 degrees over the life of the thruster. The associated thruster requirement is interpreted that any uncertainty in the measurement will result in a reduction in the magnitude of the allowed deviation to ensure compliance. For example, if the uncertainty of the measurement is determined to be +/-0.25 degrees, then the deviation cannot exceed 1.25 degrees +/-0.25 degrees. By doing so, confidence shall be high that the thruster requirement is met. Towards that end, significant effort must be made to minimize uncertainties in the thrust vector determination.
The second diagnostic design objective necessitates that the measurement be an absolute measurement relative to the mounting surface normal vector. To achieve an absolute measurement, the diagnostic must have sufficient capability to track not only the probes location and orientation, but its relative position to the mounting surface normal vector.
The third design objective necessitates that the TVP be of sufficiently robust design to survive the full 23,000-hour duration of the EDU test. The probe must be resistant to degradation from exposure to the plume, resistant to the accumulation of carbon backsputtered from the chamber surfaces, and capable of withstanding the large temperature and pressure variations within the facility.
The fourth diagnostic design objective necessitates the capability to acquire thrust vector measurements as frequently as every 5 minutes during anticipated periods of thruster transient behavior. This requirement primarily relates to the transient startup period prior to the thruster reaching thermal steady-state. During this period, deviations in the thrust vector are known to occur as components heat, expand, and shift [Appendix A].
The fifth diagnostic design objective necessitates that the probe be capable of withstanding the rigors of the thruster's plume at maximum discharge current without failure, but also be sensitive enough to perform its function at the thruster's minimum discharge current.
Finally, the sixth diagnostic design objective necessitates that implementation of the diagnostic only minimally increase the backsputter rate of the test facility. The nominal backsputter rate of the test facility is about 1.9 microns per kilohour. The AEPS thruster voltage standoff capability is required to be maintained in the presence of a facility backsputter rate of 2 microns per kilohour for 23,000 hours. Thus, the thrust vector diagnostic and any other changes to the test facility ahead of the EDU long duration test cannot raise the average backsputter rate by more than 0.1 microns per kilohour.
B. Historic Approaches to EP Thrust Vector Determination
Numerous approaches have historically been pursued to measure the direction of the thrust vector for gridded-ion and Hall-effect thrusters. At the onset of the AEPS project, development of a far-field thrust vector probe was anticipated similar to the one implemented by Polk and Snyder [3] [4] [5] . Polk's diagnostic, which characterized the behavior of the NSTAR ion thruster, consisted of a square array of graphite rods, 16 vertical and 16 horizontal, each rod 1.2 m long and 9 mm diameter. GRC has also recently scaled the Polk approach for investigation of NASA's Evolutionary Xenon Thruster-Commercial (NEXT-C) gridded-ion thruster. The GRC version of the probe consists of an 18 x 18 array of graphite rods, with a diameter of 1.9 cm and a length of 1.52 m (Figure 1 ). The probe is installed in GRC's Vacuum Facility 16 (VF16) near the opposite end of the vacuum chamber from the thruster. The reason for mounting the probe close to the beam dump, on the opposite end of the chamber from the thruster, is that the probe becomes almost indistinguishable from the graphite beam dump as a source of backsputtered graphite. This location in VF16 results in the captured beam angle at about +/-6 degrees. The closer the probe is situated to the thruster, the larger the total angle of the thruster beam captured by the probe. However, the rate of backsputtered graphite onto the thruster also increases rapidly as the probe is moved closer in proximity to the thruster. Fortunately, given the uniformity and near Gaussian nature of the gridded-ion thruster beam current, +/-6 degrees is accepted as sufficient to accurately track the beam current centroid. A discussion of the NEXT-C graphite-rod thrust vector diagnostic is included as Appendix A such that the reader can better understand the significant value and simplicity of the approach, and also better understand why the approach was ultimately not pursued for AEPS and deemed not preferred when applied to a Hall-effect thruster in situations where only a limited total angle of the beam is captured. Another thrust vector determination approach by Pollard [6] [7] [8] consists of four double-wire Langmuir probes in the shape of a cross, which is placed downstream in a thruster's plume. Using a motorized positioning system, the instrument is moved horizontally and vertically until the collected currents on the probe wires balance. The location of balanced currents is assumed the beam center. This approach requires an assumption of azimuthal symmetry, as the Langmuir probe wires only measure the beam current of a small fraction of the thruster plume. Pollard also employed a single wire probe to profile the beam of the T5 Ion Engine [9] .
A direct approach to measuring the thrust vector has been demonstrated by mounting a thruster on a beam with a torsion balance [10, 11] . By angling the thruster so that the normal vector of the exit plane of the thruster is parallel to the beam, the lateral component of force can be measured by the torsion balance from the resulting generated moment. Additionally, by changing the angle of the thruster relative to the beam, the axial component of the thrust can be determined. Unlike plasma probes, such a setup provides direct measurement of the thrust vector components. However such an apparatus is challenging to implement. The approach is better suited for experiments dedicated to acquiring thrust vector data, than being an unobtrusive diagnostic element of an already complex test campaign.
An array of retarding potential analyzers (RPAs) has also been implemented to determine the thrust vector of the High Efficiency Multistage Plasma Thruster (HEMPT) [12, 13] . In this setup, 37 RPAs are mounted with one every 5 degrees in a 2-meter semicircular arc, which can rotate through the entire plume of the thruster. The benefit of using RPAs is that ions solely of selected energy levels can be acquired, allowing for mapping of the different ion energies in the exhaust. A difficulty of using such a setup is that each RPA consists of a series of grids at slightly different orientations, introducing significant uncertainty in their transparency. Thus an array of RPAs requires much care in calibration, as each RPA has unique characteristics. Additionally, the small collection current of an RPA, resulting from the low transparency of multiple stacked grids, requires significant dwell time at each measurement location in the plume. The longer the dwell time, the better the accuracy, but the greater the degradation of the RPA grids, increasing risk of probe failure. The time required to sweep the HEMPT plume is estimated at 15 minutes [12] .
Another approach to determining an EP thruster's thrust vector is an array of Faraday probes swept through a plume [14] [15] [16] [17] . Faraday probes do not allow for discrimination of ion energies like an RPA, rather they collect all ions. Thus, there is greater concern of facility effects impacting the measurement. However, Faraday probes are comparatively simple in design, and they provide good signal strength while swept rapidly through a plume, reducing the likelihood of probe failure. As shall be discussed, this approach was ultimately determined the most appropriate for the AEPS EDU 23,000-hour wear test.
C. Analyses Performed to Guide the AEPS TVD Development
Accurate measurement of the thrust magnitude of electric propulsion devices is commonly achieved using a thrust stand with freedom of motion in exactly a single direction of motion. The contribution of off-axis components to the thrust magnitude are typically negligible compared to the axial direction. However, while the magnitude of the thrust off-axis may be small, it may be sufficient to result in non-trivial torques on a spacecraft. Knowledge of the magnitude, speed, and predictable nature of thrust vector deviations from the mounting surface normal vector throughout operation are important inputs for satellite and mission planners. The experimental challenge becomes how to reliably make thrust vector measurements for a particular class of thruster in a ground test facility.
The most desirable method to determine the thrust vector behavior is through direct measurement, requiring few assumptions. However, because off-axis forces are generally quite small and the measurement must be made within vacuum, a direct measurement is very challenging. Apparatus' that have been developed to make such measurement [10] [11] are complex. As a result, most often EP developers favor inferring the thrust vector behavior by indirect measurements. While indirect measurements inherently have a greater degree of uncertainty, they can often be integrated into existing test setups in a minimally intrusive manner. Given the broad scope of the AEPS development, a thrust vector diagnostic employing indirect measurement was determined most appropriate to provide adequate results within the schedule, within reasonable budget, and while minimally interfering with other test objectives.
In some prior efforts, the thrust vector deviation in a single degree of freedom has been approximated using a single current probe translated in a semicircular arc through the thruster plume. The orthogonal axis is then determined by rotating the thruster 90 degrees and repeating the measurement. For the AEPS test campaign, such manipulation of the thruster is not appropriate. Thus, a multidimensional plume measurement is needed.
In order to achieve a relatively low degree of uncertainty in the thrust vector determination, the assumptions required to correlate the plume measurements with a thrust vector were carefully considered. Assumptions such as azimuthal symmetry, while likely a reasonable assumption for a gridded-ion thruster, were determined inappropriate given the azimuthal nature of a Hall-effect thruster's discharge channel. A minor reduction in mass flow at a single azimuthal location in the discharge channel of a Hall thruster, for example due to debris partially clogging an anode orifice, would result in a significant plume deviation from azimuthal symmetry, which might not be evident and quantifiable on a probe design assuming such symmetry. As such, the probe concepts considered for AEPS were (1) a square array of graphite rods, (2) a swept linear array of Faraday probes, and (3) a swept linear array of RPAs.
Based on prior experience at JPL [3] [4] [5] and GRC [Appendix A] with the graphite rod approach, it was the AEPS development team's initial preference. The probe design had recently been implemented at GRC for the NEXT-C gridded-ion thruster development. Additionally, significant data exists at JPL from prior investigations with griddedion thrusters, yielding reasonable confidence in the methodology and reliability of such an apparatus. The static nature of the probe also makes installation and reference to the thruster's mounting surface normal vector straight forward. The primary concerns with the approach were the carbon backsputter rate and the scale of device necessary to collect a sufficiently large percentage of the AEPS thruster's beam. The first issue was easily handled through the use of a facility backsputter model that has been well correlated with measurements within VF5 during thruster operation. The model indicated that a graphite rod style probe would need to be situated approximately 10 meters from the thruster to avoid violating the AEPS thruster backsputter capability. This location places the probe immediately in front of the VF5 beam dump. To maximize the area of the beam centroid collected, a probe of approximately 2.5 x 2.5 meters was conceived, which would closely fit within the limitations of the facility. At 10 meters distance, this corresponds to a plume collection angle of approximately +/-7 degrees. Not too dissimilar to the collection angle of the probe implemented in GRC VF16 as described in Appendix A and schematically illustrated in Figure 1 .
Faraday probe beam current data (+/-90 degrees of beam center, 1/8 degree steps) collected with the HERMeS Technology Demonstration Unit 1 (TDU-1) operating in Vacuum Facility 6 (VF6) was acquired ( Figure 2 ) and analyzed to help determine whether +/-7 degrees was sufficient to verify the AEPS thrust vector requirement. While determination of a gridded-ion thruster's beam center by fitting data from a limited collection angle has been deemed acceptable, it is not immediately obvious if a similar conclusion can be reached for Hall-effect thrusters. While gridded-ion thrusters result in a reasonably clean beam with a Gaussian profile, the azimuthal discharge channel of a Hall-effect thruster results in a centerline inflection in the beam current density as shown in Figure 2 . The TDU-1 data was collected by sweeping a single Faraday probe through the TDU-1 plume in a semicircular arc at various radial distances. Figure 3 illustrates one reason why the centroid of a Hall thruster is particularly troublesome for determination of beam center, and by correlation thrust vector direction. A Gaussian profile is a poor fit to the TDU-1 data. The beam current inflection near centerline dissuades use of a simple Gaussian fit. As a workaround, selective exclusion of the beam center inflection data was attempted to achieve a qualitatively better fit. In Figure 4 , the data is fit with a Gaussian profile, however the data between the inflection points of the Hall thruster beam current of +/-3 degrees is excluded. The outcome is a qualitatively reasonable fit to the larger beam profile. However, it is not yet clear whether a Gaussian profile is appropriate for fitting Hall-thruster plume current data, or whether excluding data between +/-3 degrees results in a quantitatively better determination of thrust vector direction. To qualitatively demonstrate whether a Gaussian profile is appropriate for fitting Hall-thruster plume current data, a larger dataset between +/-30 degrees was considered, both including ( Figure 5 ) and excluding ( Figure 6 ) data +/-3 degrees off the plume centerline. For the nominal 12.5 kW TDU-1 operating condition, a collection angle of +/-30 degrees encompasses nearly all thrust contributing ions. Based on the fits shown in Figure 5 and Figure 6 , a Gaussian profile, whether including or excluding the centerline inflection does not qualitatively well match the data. In fact, excluding +/-3 degrees does not result in any noticeable difference in fit quality. Before proceeding to quantitatively determine whether +/-7 degrees, as anticipated with a graphite rod TVD in VF5, is sufficient for locating beam center, a fitting profile that qualitatively better fits the full TDU-1 beam current data was sought. Two additional fitting profiles were considered, a Lorentzian and a pseudo-Voigt. The Gaussian, Lorentzian, and pseudo-Voigt profiles are described by the following equations,
where a, a1, a2, b, and c are fitting constants, θ is the arbitrary probe angle and θo is the location of beam center. The pseudo-Voigt is a simple product of the Gaussian and Lorentzian profiles, rather than a true convolution. Figure 7 illustrates that regardless of the fitting profile, a Hall thruster's beam current density cannot be easily fit while including the full beam current density dataset. However, as shown in Figure 8 , by excluding the data associated with the inflection in the beam current data, the Lorentzian fits the data reasonably well except for over-predicting slightly in the wings and the pseudo-Voigt fits so well as to be nearly indiscernible from the dataset. Having qualitatively identified a better profile by which to fit AEPS Hall thruster beam current density data, further consideration is given to quantitatively demonstrating if any of the described fitting profiles provide more reliable determination of beam center using a limited dataset between +/-7 degrees. Furthermore, because a graphite rod TVD is anticipated to be stationary, and thrust vector deviations as large as 1.5 degrees are permissible under the AEPS requirements, rather than fitting a symmetric dataset between +7 and -7 degrees, the dataset is fit between +5 and -9 degrees. Fitting asymmetric datasets can cause havoc on fit quality, thus is the more conservative approach to quantitatively demonstrating if one of the fitting profiles is more accurate at locating beam center. Table 1 summarizes the error resulting from each fit for this specific TDU-1 dataset. Error was calculated as the difference between the regression beam center parameter θo and the beam center as determined by numerical integration of the complete dataset. In each case, the fit quality is maximized using a least squares fitting methodology. Approximately a half-degree of error is incurred by fitting the full asymmetric dataset (Figure 9 ), regardless of profile choice. On the other hand, exclusion of the data within the region of inflection proves considerably more accurate for all profiles considered ( Figure 10 ). The pseudo-Voigt is marginally more accurate than either the Gaussian or Lorentzian fits at locating beam center. The pseudo-Voigt is also a better quality fit to the dataset. While not rigorously proven, given that only a single TDU-1 dataset is considered here, a pseudo-Voigt fit appears a reasonable choice for fitting AEPS Hall thruster beam current density data, when excluding data within the region of inflection near centerline. However, it is still unclear if +/-7 degrees is sufficient scale for a Hall-effect thruster TVD based on graphite rods or other discretely spaced probes. The Faraday probe data considered here is particularly dense with data collected every 1/8 degree. However, a graphite rod approach similar to the NEXT-C TVD would yield approximately 1 beam current measurement per degree between +/-7 degrees with the TVD located at the far end of VF5. To illustrate, Figure 11 provides data from the TDU-1 sample dataset between -9/+5 degrees with 1 degree spacing. If the data between +/-3 degrees is excluded from the pseudo-Voigt fit, nearly 50% of the captured plume angle is discounted, leaving only 8 data points remaining. Fitting such a limited dataset across a limited beam angle poses significant risk to achieving a highly accurate determination of beam center. A further problem when considering such a limited dataset is objectively identifying the beam centerline inflection points, which may become confused by variations in measurement error between the individual probes. The sample NEXT-C graphite rod TVD data in Appendix A (Figure 27 ) illustrates anticipated variations in measurement error compared against an expected Gaussian beam profile. The probe-to-probe variation in measurement error is largely the result of characteristic differences between each graphite rod (cross-sectional area, roughness, density, etc). Based on this analysis, a graphite rod TVD approach for the AEPS EDU wear test is anticipated to offer insufficient accuracy to verify that the thrust vector requirement is met. While a stationary graphite rod array TVD was deemed not appropriate for AEPS, a probe array based on either Faraday probes or RPAs sweeping through the plume in a semicircular arc is still viable. Since a mobile probe array only crosses through the thruster beam while acquiring periodic measurements, it has limited impact on the average rate of material backsputtered toward the thruster. As such, rather than the probe situated 10 meters from the thruster face, the probe can interrogate the plume in relative close proximity to the thruster. For example, while a 2.5-meter tall probe at 10-meters distance captures about +/-7 degrees of the plume, a 0.5-meter tall probe at 1-m can capture about +/-14 degrees. By interrogating a significantly larger portion of the plume, exclusion of +/-3 degrees will have significantly less of a delirious effect on the accuracy of beam center determination. Furthermore, by being in closer proximity to the thruster, the measurement will be less subject to facility effects such as charge exchange and beam bending due to pressure gradients. The smaller TVD also has the benefit of being easier to construct and install.
A linear array of Faraday or RPA probes is now considered, but in closer proximity to the thruster face, where facility scale is no longer a limiting factor on the maximum beam angle that can be interrogated. A probe scale capable of capturing +/-15 degrees is now considered. Figure 12 shows fits to the sample TDU-1 Faraday probe beam current density dataset between +13 and -17 degrees, while Figure 13 shows the same dataset and fits, but excluding +/-3 degrees. Table 2 summarizes the beam center error resulting from each fit for this specific dataset and angular limits. Whether, including or excluding the data within the inflection region of the beam current, fitting a larger angular fraction of the thruster plume eliminated most of the calculated error. Although, the best beam center determination and fit quality still result from the pseudo-Voigt profile fit excluding +/-3 degrees as shown in Figure 13 . While exclusion of the Hall thruster beam center inflection for this analysis has thus far proven educational, subjective manipulation of the data by exclusion of the beam center inflection is not consistent with rigorous data analysis and verification of AEPS requirements. The subjective bias implicit in such a data processing methodology could result in inconsistent determination of whether the thrust vector requirement has been met. Rather than implementing a subjective data exclusion methodology during data post-processing in an attempt to improve beam center determination accuracy, a data weighting scheme was devised.
To help understand how the weighting method implemented was determined, Figure 14 schematically shows a single current probe translating through a beam of ions, collecting ion current data at discrete locations. Making the assumptions that all ions within a discrete region of the hemispherical plume are traveling with the same velocity, and all ions are singularly ionized, the thrust contribution by ions traveling through a specific region, , can be approximated by ∝ Eqn. (4) where is the beam current density. In other words, the thrust contribution, , is proportional to the ion flux through the discrete area, . This leads to the observation that as the beam angle approaches centerline, and approaches zero, the thrust contribution also approaches zero. Figure 15 shows that by weighting each beam current measurement by the associated hemispherical beam area to approximate contribution to overall thrust, that beam center is conveniently not a major contributor to overall thrust. Thus, the beam center inflection, which causes issues with fitting standard profiles, can be logically discounted as it physically represents a minor contribution to the overall thrust. Conversely, at larger beam angles, while the magnitude of the beam current density falls, the representative cross sectional region and associated thrust contribution grows. For the beam current dataset considered, the beam current density measurement representing the largest flux of ions occurs at approximately 6 degrees. 
∝
Eqn. (7) Thus, the beam current density measurements may be weighted by to reflect contribution to thrust. Since the beam angle is not known a priori, the weighting method must be performed iteratively in combination with the beam profile fitting. To further simplify the data processing, rather than weighing the data and employing a least-square fit, minimizing
Eqn. (8) where is the residual = − ( ), the same result can be achieved by simply weighting the residual. This approach has the benefit of preserving the beam current raw data while performing the data processing and only manipulate the fit. Thus, Eqn (3) shall be fit by minimizing ∑ ( sin( − ))
=1
, while iteratively solving constants , , , . The value found for is the estimated beam deviation from the mounting surface normal vector within the plane probed. This technique will be referred to herein as a sine weighted residual (SWR).
The resulting error for fits performed to the TDU-1 beam current dataset (no data excluded) using the SWR method for both between +5 and -9 degrees (Figure 16 ) and +13 and -17 degrees (Figure 17 ) is summarized in Table 3 . The described analysis again predicts the most reliable fit using the pseudo-Voigt profile. However, these fits are now accomplished without subjective exclusion of beam current data. For the case of TVDs with limited angular beam current datasets, while accuracy will decrease by not capturing a significant percentage of the plume wings, a pseudoVoigt fit using a SWR technique will provide improved accuracy over a Gaussian least-square fit as commonly implemented when interpreting gridded-ion thruster data. The outcome of this analysis, based on satisfying the AEPS thrust vector requirement within the constraints of the VF5 test facility, is that:
• While a square array of graphite rods could be a reasonable approach in closer proximity to the thruster, the large probe scale of 2.5 m x 2.5 m and limited beam collection angle of approximately +/-7 degrees, due to the necessity to place the probe 10 m from the thruster to avoid violating the thruster backsputter capability, discourages it as a solution for the AEPS EDU long duration wear test.
• The most reasonable approaches to meet the TVD design objectives are either a linear array of Faraday or RPA probes swept through the plume with a minimum beam collection angle of +/-15 degrees.
An RPA has the notable benefit that one can filter out low energy charge exchange ions, which might erroneously result in the appearance of a thrust vector deviation. The primary downside of the RPA are long dwell times, probe complexity, probe cost, and a high risk of failure over 23,000 hours of testing due to internal erosion during dwell.
Thus, the AEPS team concluded that the most appropriate diagnostic for verification of the AEPS thrust vector requirement within the available schedule and budget was a linear array of Faraday probes with a minimum of +/-15 degrees collection angle. The Faraday probe design follows best practices as outlined by Huang [18] , including molybdenum collectors and guard rings to limit degradation while traversing the plume.
D. Design
The design of the Thrust Vector Diagnostic (TVD) consists of three main components: the Thrust Vector Probe (TVP) -an array of Faraday probes, the Thrust Vector Reference (TVR) -the alignment system, and the Thrust Vector Electronics (TVE) package. These components are discussed in the sections that follow.
TVP Design
The chosen design is an array of 23 Faraday probes mounted at 1-meter radius on a light-weight aluminum framework, as shown in Figure 18(a) . The Faraday probes, Figure 18(b) , are positioned every 2° along the arc, from -22° to +22°, and the arc is shielded with Grafoil to reduce backsputter, protect the aluminum framework and protect the wiring. Each Faraday probe is mounted such that its collector surface normal vector is oriented toward the nominal thruster center point. Each Faraday probe guard ring and collector are biased to -30 V in operation to reject electrons. The TVP is attached to a probe arm assembly in VF-5, which is connected to an Aerotech Pro225 linear stage (<20 µm resolution) and an Aerotech AGR200 rotary stage (<20 arc sec resolution), allowing for sweeping the thruster plume periodically at a rate of 2 degrees per second.
The mounted TVP and VF5 probe package (used for standard plume measurements) are shown in Figure 18 (c), and a top view of the TVP relative to the probe package is shown schematically in Figure 18 (d). The TVP is tilted at an angle of 7.5 degrees horizontally such that the arc center is located at the nominal thruster center during the sweep. When not in use, the TVP is stored behind the thruster discharge exit plane. 
TVE Design
The TVP is connected to the TVE by a 60 conductor wire harness, consisting of five C8132 cables (12 conductor, twisted shielded pairs), with all shields tied at the vacuum facility feedthrough. Measurement of the Faraday probes is performed using circuits containing 100 Ω shunt resistors connected to two NI USB-6363 data acquisition (DAQ) units. The circuit also includes over-voltage protection to mitigate risk of damage to either DAQ. Additionally, type-K thermocouples are placed on the probe array and tilt sensors to track the TVP temperature.
TVR Design
To properly validate the thrust vector requirement relative to the thruster mounting surface normal vector, a target reference system locates the thruster's mounting surface normal vector, which is compared against the TVP location. In-situ verification of the absolute alignment of the probe relative to the thruster is possible by an optical alignment system, discussed below. The absolute alignment is conducted at a single location directly in front of the thruster, while the thruster is non-operational. After which, the rotation stage encoders and tilt sensors locate the probe throughout the rest of its sweep.
Before further discussion of the alignment measurements, a brief description of the coordinate system used in this analysis. The probe coordinate system is located with the origin at the intersection of the cathode centerline and the plane of the inner front pole cover (Figure 19 ). The rectangular coordinate system is oriented with x pointing opposite to gravity; z pointing in the horizontal component of the mounting structure normal vector, as defined by the mounting structure optical alignment assembly, and pointing towards the thruster beam dump; and y pointing in a direction to satisfy the right-hand rule. The spherical coordinate system is based on the rectangular system with a fixed radius of 1 m, a polar angle (φ) measured from the x-axis zenith direction, and an azimuthal angle (θ) measured from the z-axis direction, as shown in Figure 19 . The azimuthal angle (θ) increases in the clock-wise direction when viewed from above. The optical alignment system consists of a precision machined stainless steel tube of 0.29 meter end-to-end length and two 795-series Brunson optical reticle targets that were press-fit to both ends of the pipe. These optical targets have reticles that, when looking through the pipe, allow for determining the vector of the pipe relative to the viewer. This pipe is then attached to the thruster mounting plate, defining the mounting surface normal vector. Looking down the pipe and measuring the radial offset between the two optical targets, and also knowing that the two crosshairs are 0.28 meters apart, the mounting surface normal vector is calculated. A mechanical shutter is replaced when the alignment tool is not in use to prevent contamination of the targets during thruster firing. This pipe and corresponding optical targets are shown in Figure 20 (shutter system not shown). To locate these optical targets while the vacuum facility is under vacuum, an alignment telescope with a built-in camera is placed at a viewport directly downstream of the thruster. The telescope is leveled and placed in-line with the two reticle targets on the mounting structure assembly. By lining up the telescope with the targets, the mounting normal vector can be ascertained periodically throughout testing. Additionally, a small alignment pin was placed on the TVP arm, which allows for checking whether the TVP arm drifted relative to the crosshairs of the optics targets. The probe assembly is then positioned to a pre-determined theta position to verify the location of the alignment pin with respect to the line created by the mounting structure alignment assembly. To aid in the sighting of the alignment features, an indirectly illuminated Teflon backdrop is used behind the pipe and targets. The shutter and backdrop lights are electrically isolated from the thruster with ceramic standoffs. The telescope and alignment pin are shown in Figure  21 . A demonstration of the in-situ alignment verification is shown in Figure 22 . The center image of the figure shows the optical home of the probe, at which point the probe alignment pin is in alignment with the mounting structure alignment assembly. The other four images, from left to right, are +0.2º, +0.1º, -0.1º, and -0.2º from the optical home. A vertical red arrow is included in Figure 22 to aid in identification of the probe alignment pin. The probe angular resolution of the images in Figure 22 is roughly 0.01º per pixel. The width of the probe alignment pin is approximately 0.1º, which results in a nominal resolution alignment uncertainty of 0.05º for the system. The in-situ alignment system is capable of tracking shifts in both the θ and φ direction. Pumping down the facility to vacuum did not lead to a measureable displacement of the probe alignment pin with respect to the mounting structure alignment assembly. Further alignment tracking of the probe assembly is made possible by a series of high resolution gravity referenced inclinometers, Spectron CG-10N electrolytic tilt sensors (1 mV/arc sec sensitivity). While the inclinometer system is not able to provide absolute alignment reference like the optical system, it is able to provide a relative reference for the full sweep of the probe. Figure 23 provides a sketch of the location and orientation of the three inclinometers. Inclinometer I is mounted on the main horizontal member of the probe arm and tracks deviations from horizontal as the probe is swept over its full scan. Inclinometer II is installed to make the same measurement as Inclinometer I but is mounted on the vertical member which supports the TVP. Figure 23 (a) provides a view of the thruster from θ = 0º and φ = 90º with the probe arm at θ = -90º, such that inclinometers I and II polarity can be described. Inclinometer III was set up to be nominally orientated 90º out of phase with inclinometers I and II. Figure 23(b) , provides the same view of the thruster with the probe arm now placed at θ = 0º, such that inclinometer III polarity can be described. Example traces of the three inclinometers are shown in Figure 24 . The raw data is shown by circular symbols in Figure  24 (a). Regression sinusoidal curves were fit to the inclinometer signals, with the assumption of symmetry at θ +180º and -180º. The curve fits are shown in Figure 24 (a) with solid lines. The curve fits are background subtracted to remove the arbitrary mounting inclination of the sensors, shown in Figure 24(b) . The final background subtracted results of the inclinometers are used to determine the probe arm rotation axis. The phase and amplitude of any of the three inclinometers tracks with the θ and φ orientation of the rotation axis of the arm, respectively. The rotation axis of the probe arm is shown schematically as the orange vector in Figure 23 , ideally the rotation axis is coincident with the x-axis but in practice it will deviate. The profiles in Figure 24 (b) indicate the probe rotation axis to be θ = -50º and φ = 1.1º, which corresponds to a rotation axis of [0.999,-0.015,0.012]. In future work this rotation axis will be used to track changes in the system and correct probe data for tilt. 
III. Initial Diagnostic Measurements
Initial measurements using the TVD on the TDU-3 have been conducted with the thruster at different operating conditions. Results are currently being analyzed, but initial findings indicate successful measurement of the thruster plume. A sample set of data is shown below in Figure 25 . Figure 25 (a) through (c) show contour plots created from the beam current density measurements at discharge voltages of 300 V, 400 V, and 600 V, respectively. Note that "probe angle" refers to the mounting angle of an individual Faraday probe, and "sweep angle" refers to the angle at which the Faraday probes pass through the thruster plume. A 3D plot of the Faraday probe raw data at 600 V is also shown in Figure 25(d) . From these plots, it is shown that the plume has smaller divergence with the thruster at 600 V than at 300 V, as expected. Much of the non-smooth variations in the contours of this dataset are not representative of the actual plume, but result from instrumentation calibration error. These calibration errors are being mitigated through improvements to the TVE prior to the EDU long-duration wear test. There are several avenues of ongoing work. Initial measurements of the alignment angle have been taken, however work is ongoing for creating the data fitting and processing routines, which will compute the thrust vector deviation. Additionally, the slight asymmetry in the contour plots may be due to the tilt of the TVP as it passes through the thruster plume: the tilt sensor data is presently being incorporated into the data processing routines. Determining whether the TVP arm has drifted throughout the test operation will be examined later with further measurements of the alignment. Additionally, the TVD is planned to be run with the TDU-3 thruster in the near future while performing a thruster cold start, which will provide information on how the thrust vector changes while the thruster warms up. A thrust vector determination uncertainty analysis is being performed for the AEPS TVD as built.
IV. Conclusion
The TVD design presented here is the result of an analysis of various potential thrust vector determination techniques. An array of 23 Faraday probes swept through the plume is determined the most appropriate technique to verify the AEPS thrust vector requirement within the available schedule and budget. The TVD has been fabricated, installed in the GRC Vacuum Facility 5, and successfully operated during a thruster test. Initial analysis of the results show expected behaviors as thruster discharge voltage is varied. Future work includes incorporating the tilt sensor data into the results, verifying thruster alignment, completing the data processing routines, completing the uncertainty analysis, and operating the TVD across the full thruster operating range and during expected transients such as thruster warm-up.
Appendix A: GRC NEXT-C Thrust Vector Diagnostic
Background
Thrust vector characterization tests have recently been completed on a prototype-model ion engine at NASA GRC. The tests were completed to: a) define requirements for flight thruster acceptance tests; and b) ensure the flight gimbal design can sufficiently null disturbances produced by thrust vector offsets from the spacecraft center of mass. Prior to completing the tests, a literature search was performed to investigate the different schemes used to characterize the thrust vector. Tests have historically consisted of using a 2-D array of electrostatic probes to map the beam current, and then defining the measured beam centroid as the thrust vector offset. This work has been completed with Faraday probes, double Langmuir probes, and far-field cylindrical rods [4, 7, [19] [20] [21] . The far-field cylindrical rod approach was successfully used during an 8000 hour wear test with the NSTAR engine, and was baselined for the NEXT engine. An ion beamlet model was used to estimate the collected rod currents as a function of thruster operating condition, rod length, and axial distance from the thruster. These calculations led to the design of the thrust vector probe array, as described in the following section. The following sections will summarize data that has been obtained with a prototype engine, and a more comprehensive report will be published in the near future (including data from multiple NEXT engines).
Apparatus
Tests were conducted using the Dev-C thruster, which is a slightly modified version of the prototype PM1R engine [22, 23] . The thruster utilizes a ring-cusp discharge chamber with a conical upstream segment and a cylindrical downstream portion. Two refractory metal electrodes serve as the ion optics and the hollow cathode assemblies are derived from the plasma contactor and NSTAR programs. Tests were conducted in Vacuum Facility 16 (VF16), which is a 2.7 m diameter x 8.5 m long facility with a base pressure of 1.5 x 10 -5 Pa (1.1 x 10 -7 torr). The thruster was operated manually with commercial power supplies and mass flow controllers, and thruster telemetry was recorded at 0.5 Hz using a data acquisition and control system. Full details of the test set-up are detailed in Ref. [24] . The Dev-C thruster was mounted within VF-16 using a rigid three-point mounting system, as shown in Figure 26(a) .
The thrust vector probe system consisted of an 18 x 18 array of graphite rods, with a diameter of 0.19 cm and a length of 15.2 cm. Each rod had an identical surface finish and small radial tolerance (1 mil = 0.0254 mm) due to the center-less grinding technique used to machine the rods. The probes were mounted within a stainless steel frame 719.5 cm downstream of the exit plane of the thruster, and biased -30 V below earth ground to repel electrons. The probe frame was lined with graphite-based material and shadow shields were used to electrically isolate the probes from the frame. A Type-K thermocouple was placed on the backside of the probe frame to measure the temperature during thruster operation. The current collected by each rod was measured across a shunt bank consisting of 36 precision 1 kΩ resistors. The system was calibrated by passing known currents through the cabling and shunt bank. A laser alignment tool was used to align the thruster with the probe array. The probes were mounted within VF-16 as shown in Figure 26 
Test Results and Discussion
Tests were performed using the standard NEXT throttle table, which consists of discrete operating points that are defined by a unique combination of the beam current and the beam power supply voltage [25] . The test matrix was bound by operating the thruster at the lowest discharge power (TL01), the highest discharge power (TL37), an intermediate input power level (TL28), and the highest total input power (TL40). Collected probe currents are shown in Figure 27 for steady-state operation at TL28. The data are well described by Gaussian curve fits, and the beam centroid uncertainties were on the order of 3-6 mm, which corresponds to an uncertainty of 0.1 deg. in the calculated thrust vector angle. Figure 28(a) shows the thrust vector behavior during a start-up at TL28 (similar behavior was observed at higher power levels). In the plot, t = 0 corresponds to the application of high voltage. Within seconds of applying high voltage, an offset angle of 1 deg. was observed. This offset may be due to plasma distribution asymmetries in the discharge chamber and/or slight mechanical misalignment of the optics due to manufacturing tolerances. The thrust vector angle increases to a maximum of 1.7 deg. after twenty five minutes of thruster operation and slowly decreases to 1.5 degrees as the thruster reaches thermal equilibrium. The Dev-C thruster was instrumented with thermocouples during prior developmental tests and it is informative to investigate the measured thruster temperatures when the engine was operated in an identical manner. Figure 28(b) shows the thermocouple data, which includes temperature data from the discharge chamber (Tdc1), the front mask (Tms1), and both the screen and accelerator grids (Tg1 and Tg2). There is excellent qualitative agreement between the thrust vector angle and the difference in the grid temperature (Tg1 -Tg2), suggesting that differential grid movement dominates thrust vector offsets during the first few hours of operation. This time-resolved behavior is consistent with data obtained with other ion engines.
The data from the tests can be used to bound the thrust vector offsets. The offsets during start-ups and throttling were less than 2.0 deg. and the steady-state deviation was on the order of 0.2-0.3 degrees. Similar magnitudes were obtained with an engineering model engine (not reported herein). The data were found to be highly repeatable, with variations within the measurement error (0.12 degrees). Preliminary data suggests that the +/-5 deg. gimbal range used with the NSTAR engine would be adequate for the NEXT system, although further analysis may be necessary to quantity thrust vector drift over longer periods of thruster operation. 
